Background {#Sec1}
==========

Titanium based oxides have attracted tremendous attention from researchers as the potential next generation anode materials in lithium ion batteries. They are currently being investigated as potential graphite substitutes. The theoretical capacity of titanium dioxide (TiO~2~) is 330 mAhg^−1^ which is slightly lower than that of graphite at 372 mAhg^−1^. TiO~2~ also offers better properties over graphite owing to its high lithium insertion/de-insertion potential, higher reversible capacity and lower volume expansion during lithium ion insertion/de-insertion. This leads to enhanced structural stability and a longer cycle stability (Wang et al. [@CR23]; Nuspl et al. [@CR18]; Su et al. [@CR20]). However, the practical attainable capacity of TiO~2~ is only half the theoretical value due to the blocking of further li-ion insertion of TiO~2~ resulting from the strong repulsive force between Li ions. This reportedly limits the application and development of TiO~2~ as anode materials for LIBs (Kavan et al. [@CR10]; Kavan et al. [@CR12]; Tang et al. [@CR22]). Furthermore, its low conductivity is hampered for application of LIBs. Fortunately, it has been predicted by theoretical simulations with experimental results that the capacity and cycling stability of the TiO~2~ electrode can be improved dramatically when the nanoscale of TiO~2~ was explored (Sudant et al. [@CR21]; Jiang et al. [@CR8]; Fattakhova Rohlfing et al. [@CR5]; Yang and Zeng [@CR25]). The TiO~2~ performance of anode materials can be improved by combining TiO~2~ with other materials such as carbon (Yang et al. [@CR27]; Wang et al. [@CR24]).

Conducting polymers have drawn considerable attention due to their good environmental stability and electronic properties as well as their optical performance. The polymers have been studied as active matrices to improve the capacity, cycling stability and rate of performance of electrodes for LIBs because the polymer can provide a conducting backbone for the active materials amongst their many properties (Chen et al. [@CR2]; Chew et al. [@CR3]; Dong et al. [@CR4]; Huang and Goodenough [@CR6]; Jeong et al. [@CR7]). Furthermore, with regard to electrochemical activity towards Li, the relatively inert matrix of polymeric composites would accommodate the mechanical stresses/strains resulting from the active phase which would maintain the structural integrity of the composite during lithium intercalation/de-intercalation. Polyaniline (PANI) is one of the more important conducting polymers because of its relatively facile processability, electrical conductivity and environmental stability. PANI has been studied extensively for energy storage systems because of its good redox reversibility and high stability (Novák et al. [@CR17]; Karthikeyan et al. [@CR9]; Liang et al. [@CR15]). Mesoporous PANI/TiO~2~ microspheres were reported as anode materials with a significantly improved capacity (Lai et al. [@CR14]; Lai et al. [@CR13]). The material was calcined at 500 °C for 3 h in air. However, PANI begins to decompose around 300 °C and completely decomposes at 500 °C in air (Zeng and Ko [@CR28]). We have repeated the same methods to prepare PANI/TiO~2~ composites without air treatment. In this work, we have prepared PANI/TiO~2~ composite materials using a mechanical method with a different ratio of PANI to TiO~2~ as anodes for lithium- ion batteries (Yang et al. [@CR26]).

Experimental {#Sec2}
============

Materials {#Sec3}
---------

Aniline, Ammonium peroxydisulfate and 37 % hydrochloric acid were purchased from Sigma-Aldrich. TiO~2~ and carbon black PRINTEX XE 2-B were procured from DUGASSA and used as received.

Synthesis of polyaniline (PANI) {#Sec4}
-------------------------------

Polyaniline was synthesized by chemical polymerization. Aniline monomer was dissolved in the 0.02 M HCl aqueous solution and stirred magnetically at 0--5 °C for 0.5 h. An aqueous solution of (NH~4~)~2~S~2~O~8~ that acts as an oxidant was added to the above solution. The mixture was then left to react over night at 0--5 °C. The precipitate was washed with deionized water followed by methanol, and then finally dried overnight at 70 °C in a vacuum.

Preparation of TiO~2~/polyaniline composite {#Sec5}
-------------------------------------------

TiO~2~/polyaniline composite was formed by the mechanical mixing method. The ratio of PANI/TO (w/w) was 0, 5, 10, 15 and 20 %, named as TO, TO5PA, TO10PA, TO15PA and TO20PA.

Characterization {#Sec6}
----------------

Electrochemical measurements were carried out between 1.0 and 3.0 V vs Li^+^/Li^0^ with CR2032 coin cells. The synthesized composites were mixed with Carbon black (PRINTEX XE 2-B) and PVDF (75:13:12 wt %) to fabricate the anode. In the coin-cell tests, metallic lithium foil was used as the counter and reference electrodes; the electrolyte was 1 M LiPF~6~ in 1:1 (v/v) solvent mixture of ethylene carbonate and diethyl carbonate (EC/DEC).

Results and discussion {#Sec7}
======================

SEM morphology {#Sec8}
--------------

Figure [1](#Fig1){ref-type="fig"} shows the SEM micrographs of TiO~2~ (TO) and PANI. It can be seen from Fig. [1](#Fig1){ref-type="fig"}a that TO was made up of very uniform nanoparticles with the size distribution of 40 nm. Figure [1](#Fig1){ref-type="fig"}b shows that PANI was made up of nanorod with 45 nm diameter and 200-300 nm length. After grinding with PANI, no PANI nanorods were observed in Fig. [1](#Fig1){ref-type="fig"}c, which was probably because PANI nanorods were crashed and covered with TO nanoparticles.Fig. 1SEM images of TiO~2~ (**a**), PANI (**b**) and TO15PA (**c**)

X-ray diffraction {#Sec9}
-----------------

Figure [2](#Fig2){ref-type="fig"} shows the XRD diffractograms of TO, PANI (inset) and the TO15PA composites. Typical XRD diffraction patterns of PANI revealed representative polyaniline peaks at 2θ = 14.9°, 20.4° and 25.0°. All the observed diffraction peaks matched the anatase TO phase crystal structure (Yang et al. [@CR26]). However, there is no typical XRD patterns of PANI in TO15PA reported in literature; only the diffraction peaks of TO that appeared in the TO15PA sample compared with other patterns of TO. This might be related to the lower PANI amount in TO15PA that leads to diffraction peaks of PANI merging with the peak \[101\] of the TiO~2~ phase.Fig. 2XRD patterns of TiO~2~, PANI (*inset*) and TO15PA composites

Cyclic voltammetry {#Sec10}
------------------

Figure [3](#Fig3){ref-type="fig"} shows the comparison of cyclic voltammograms of TO/PA composite materials with TO at a scan rate of 1mVs^−1^ for the first (Fig. [3](#Fig3){ref-type="fig"}a) and second cycles (Fig. [3](#Fig3){ref-type="fig"}b). A reversal system showing both the anodic and cathodic peaks are presented in Fig. [3](#Fig3){ref-type="fig"}, with the peaks respectively at 2.4 V/1.3 V for TO and 2.3 V/1.6 V for TO/PA. In a typical TiO~2~/Li half-cell, the electrochemical process is as follows: TiO~2~ + x Li^+^ + xe^−^ LixTiO~2~ (Wang et al. [@CR23]).Fig. 3Cyclic voltammograms on TiO~2~ and TiO~2~/PANI composites at a scan rate of 1 mVs^−1^ for the first (**a**) and third cycles (**b**)

The maximum number of inserted Li^+^ was evaluated to be 0.5 (Nuspl et al. [@CR18]) that result in a theoretical capacity of 167.5 mAh g^−1^ (Lou and Archer [@CR16]). The cathodic peaks at 1.6 V (TO15PA) and 1.3 V (TO) determines that two phase transitions happened on the structure from tetragonal anatase to orthothombic Li~0.5~TiO~2~ when the insertion coefficient X in reaction (Wang et al. [@CR23]) has reached about 0.5 (Chen and Lou [@CR1]; Sivakkumar and Kim [@CR19]). There is a coupling of cathodic/anodic peaks around 2.8 V, especially on TO20PA which is associated with the doping/leaching processes of polyaniline (Kavan et al. [@CR11]).

The results of CV are listed in Table [1](#Tab1){ref-type="table"}. The onset potentials of TO/PA composites (see Fig. [3](#Fig3){ref-type="fig"}a) compared with those of TO were more negative compared with that exhibited by TO/PA composites on the first and second cycles, which have demonstrated that TO/PA composites have a higher electrochemical activity than pure TO. It can also be observed that the current of peak increases slightly on TO/PA on second cycles (see Table [1](#Tab1){ref-type="table"}), indicating a possible activates process in the electrode material, and suggesting the high reversibility of the insertion/extraction reactions. However, on TO20PA, the peak at 2.8 V (PANI) has dramatically decreased on the second scans which indicate that PANI is less stable.Table 1Summary of CV results (Fig. [3](#Fig3){ref-type="fig"}) on TO and TO/PANI composites at a scan rate of 1 mVs^−1^ for the first and second cyclesCycle numberTOTO10PATO15PATO20PAPotential (V)Current (mA)Potential (V)Current (mA)Potential (V)Current (mA)Potential (V)Current (mA)1th2.397.02.255.52.276.62.243.42th2.296.12.255.62.256.92.233.8

Battery performance {#Sec11}
-------------------

The capacity vs. cycle number profiles of TO/PANI composites at different current density are shown in Fig. [4](#Fig4){ref-type="fig"}. Pure PANI tested in conditions similar to TO/PANI has shown negligible capacity. The capacities were calculated based on the mass of TO composites. As shown in Fig. [4](#Fig4){ref-type="fig"}, on first cycle the TO15PA displayed the highest capacity of 281 mAh g^−1^, while the TO10PA, TO20PA and TO showed relatively lower capacity of 198, 250, and 230 mAh g^−1^ respectively at the current rate of 20 mAg^−1^. The TO15PA still keeps the highest capacity of 210 mAh g^−1^ among the materials at the end of the tenth cycle; the TO10PA and TO20PA displayed capacity of 177 and 188 mAh g^−1^. The lowest capacity of 157 mAh g^−1^ is shown on TO.Fig. 4Specific capacity vs. cycle number for TiO~2~ and TiO~2~/PANI composites at different current rates

During the rate performance, the TO/PANI composites exhibited better capacity retention when the current rate eventually increased to 160 mAg^−1^. The capacities of pure TO reduced to 70.1 mAh g^−1^ at a current rate of 160 mAg^−1^ (at the end of tenth cycle), which is 30 % retention of this at the initial stage. The TO10PA, TO15PA and TO20PA showed the capacities of 83.1, 123.1 and 85.9 mAh g^−1^ respectively which are 42, 44 and 34 % of the capacities of the initial stage at a current rate of 20 mAg^−1^. This indicates the improved capacity rate of TO/PANI composites compared with pure TO.

For TO/PANI composites, the PANI might keep the TO particles electrically connected and offers conductive pathways between the active particles, the substrate and the electrolyte. Thus it facilitates the fast charge transfer. Figure [5](#Fig5){ref-type="fig"} presented battery properties of TO/PANI composites at the current rate of 200 mAg^−1^ within a voltage range of 1.0--3.0 V during 100 consecutive cycles. These are consistent with typical charge/discharge voltage profiles of TO. Specific capacity and capacity retention at a current rate of 200 mAg^−1^ were summarized in Table [2](#Tab2){ref-type="table"}. As presented in Fig. [5](#Fig5){ref-type="fig"}a, the TO15PA has achieved the highest lithiation capacity of 168.2 mAhg^−1^ and de-lithiation capacity of 161.0 mAhg^−1^ in the second cycle. TO, TO10PA and TO20PA showed the capacities of 99.6, 127.2 and 125.4 mAh g^−1^ respectively. The order of capacity decrease was TO15PA \> TO10PA ≈ TO20PA \> TO. However, the capacities of TO, TO10PA, TOPA and TO20PA were reduced respectively to 73.5, 95.7, 91.2 and 91.2 mAh g^−1^ at the end of 50 cycles (Fig. [5](#Fig5){ref-type="fig"}b). The capacities further decreased respectively to 70.8, 83.7, 73.5 and 71.3 mAh g^−1^ at the end of 100 cycles (Fig. [5](#Fig5){ref-type="fig"}c). The reversible capacities fade of TO, TO10PA, TOPA and TO20PA from the second cycle to the 100th cycle were about 0.3, 0.4, 0.9 and 0.5 per cycle and retention of capacities on TO, TO10PA, TO15PA and TO20PA were 71.1, 65.8, 43.7 and 56.8 % after 100 cycles respectively (see Fig. [5](#Fig5){ref-type="fig"}d and Table [2](#Tab2){ref-type="table"}). It is observed from these results that TO10PA exhibited the highest capacity and cycle stability after 100 cycles though TO15PA had the highest initial capacity. TO15PA and TO20PA have shown poor cycle stability after 50 cycles. That can be related to the degradation of polyaniline and poor electrochemical stability in the presence of liquid electrolyte (Novák et al. [@CR17]; Kavan et al. [@CR11]). The charge/discharge Performance of PANI was displayed inset of Fig. [5](#Fig5){ref-type="fig"}d, the PANI had very low capacity at the current rate of 200 mAg^−1^, which showed PANI probably have played the role of increased conductivity of the composites.Fig. 5Cell voltage as a function of specific capacity on TiO~2~, PANI (Insert of d) and TiO~2~/PANI composites as anode at a current rate of 200 mAg^−1^ (**a** 2th cycle; **b** 5th cycle; **c** 10th cycle; **d** specific capacity vs cycle number)Table 2Summary of specific capacity and capacity retention at a current rate of 200 mAg^−1^ with different cycle number (1th, 50th and 100th)Cycle numberTOTO10PATO15PATO20PACapacity (mAg^−1^)Capacity retention (%)Discharge (mAg^−1^)Capacity retention (%)Discharge retention (mAg^−1^)Capacity retention (%)Discharge (mAg^−1^)Capacity retention (%)1st99.6--127.2--168.2--125.4--50th73.573.795.274.891.254.291.272.7100th70.871.183.765.873.543.771.356.8

Conclusion {#Sec12}
==========

In this work, TO/polyaniline composites were prepared via the solid coating method. The results demonstrated that polyaniline has effectively enhanced the reversible capacity of commercial TO. At the current rate of 20 mAg^−1,^ the TO15PA has showed the highest capacity of 281 mAh g^−1^, while the capacities TO10PA, TO20PA and TO were 198, 250, and 230 mAh g^−1^ respectively. In addition, TO, TO10PA, TO15PA and TO20PA showed the capacities of 99.6, 127.2, 168.2 and 125.4 mAh g^−1^ respectively at the current rate of 200 mAg^−1^. TO10PA retained the best capacity (83.7 mAh g^−1)^ and cycle stability after 100 cycles. It is suggested that polyaniline is a potential matrix material for lithium ion batteries; however, the synthesis of polyaniline or polyaniline composites still need improvement to meet the requirements for lithium ion battery applications.
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